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Abstract
Astrophysical observations indicate that there is roughly five times
more dark matter in the Universe than ordinary baryonic matter [1], with
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an even larger amount of the Universe’s energy content due to dark en-
ergy [2]. So far, the microscopic properties of these dark components
have remained shrouded in mystery. In addition, even the five percent
of ordinary matter in our Universe has yet to be understood, since the
Standard Model of particle physics lacks any consistent explanation for
the predominance of matter over antimatter [3]. Inspired by these central
problems of modern physics, we present here a direct search for interac-
tions of antimatter with dark matter, and place direct constraints on the
interaction of ultra-light axion-like particles — one of the dark-matter
candidates — and antiprotons. If antiprotons exhibit a stronger coupling
to these dark-matter particles than protons, such a CPT-odd coupling
could provide a link between dark matter and the baryon asymmetry in
the Universe. We analyse spin-flip resonance data acquired with a single
antiproton in a Penning trap [4] in the frequency domain to search for spin-
precession effects from ultra-light axions with a characteristic frequency
governed by the mass of the underlying particle. Our analysis constrains
the axion-antiproton interaction parameter fa/Cp to values greater than
0.1 to 0.6 GeV in the mass range from 2 × 10−23 to 4 × 10−17 eV/c2,
improving over astrophysical antiproton bounds by up to five orders of
magnitude. In addition, we derive limits on six combinations of pre-
viously unconstrained Lorentz-violating and CPT-violating terms of the
non-minimal Standard Model Extension [5].
A variety of experiments are aiming for the detection of axions and axion-like
particles to identify the microscopic nature of dark matter [6, 7]. Axions are
light spinless bosons (ma  1 eV/c2) originally proposed to resolve the strong
CP problem of quantum chromodynamics [8], and later identified as excellent
dark-matter candidates. Although limits have been placed on their interaction
strengths with photons, electrons, gluons and nucleons [7, 9], direct information
on the interaction strength with antimatter is lacking. The interactions in the
Standard Model have equal couplings to conjugate fermion/antifermion pairs,
since the combined charge-, parity- and time-reversal (CPT) invariance is em-
bedded as a fundamental symmetry in the Standard Model. CPT invariance
has been tested with high sensitivity in recent precision measurements on anti-
hydrogen, antiprotonic helium, and antiprotons [4, 10, 11, 12, 13, 14], and so far
no indications for a violation have been found. In contrast, the non-observation
of primordial antimatter and the matter excess in our Universe are a tremen-
dous challenge for the Standard Model, since the tiny amount of CP-violation
contained in the Standard Model is insufficient to reproduce the matter con-
tent by more than eight orders of magnitude [3]. However, the discovery of an
asymmetric coupling of dark-matter particles to fermions and antifermions may
provide an important clue to improve our understanding of dark matter and
the baryon asymmetry. Such an asymmetric coupling may in principle arise for
axion-like particles if the underlying theory is non-local [15], and we test for
possible signatures in the spin transitions of a single antiproton.
The canonical axion and axion-like particles (collectively referred to as “ax-
ions” below) can be hypothetically produced in the early Universe by non-
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thermal mechanisms, such as “vacuum misalignment” [16]. Subsequently, they
form a coherently oscillating classical field: a ≈ a0 cos(ωat), where the angular
frequency is given by ωa ≈ mac2/~. Here, ma is the axion mass, c the speed
of light and ~ the reduced Planck constant. The axion field carries the energy
density ρa ≈ m2aa20/2, which may comprise the entire local cold dark matter
energy density ρlocalDM ≈ 0.4 GeV/cm3 [17]. Assuming that axions are the main
part of the observed dark matter, a lower mass bound of ma & 10−22 eV is
imposed by the requirement that the reduced axion de Broglie wavelength does
not exceed the dark-matter halo size of the smallest dwarf galaxies (∼ 1 kpc).
Fermions may interact with axions by a so-called derivative interaction caus-
ing spin precession [18]. In the non-relativistic limit, the relevant part of this
interaction can be described by the time-dependent Hamiltonian [18, 19]:
Hint(t) ≈ Cp¯a0
2fa
sin(ωat) σp¯ · pa , (1)
where σp¯, pa and Cp¯/fa are the Pauli spin-matrix vector of the antiproton, the
axion-field momentum vector, and the axion-antiproton interaction parameter,
respectively. We note that the fundamental theory to produce a CPT-odd op-
erator like in Eq. (1) with Cp¯ 6= Cp would need to be non-local [15].
The leading-order shift of the antiproton spin-precession frequency due to
the interaction in Eq. (1) is given by:
δωp¯L(t) ≈ Cp¯maa0|va|fa [A cos(Ωsidt+ α) +B] sin(ωat) , (2)
where |va| ∼ 10−3c is the average speed of the galactic axions with respect to
the Solar System, Ωsid ≈ 7.29× 10−5 s−1 is the sidereal angular frequency, and
α ≈ −25◦, A ≈ 0.63, and B ≈ −0.26 are parameters determined by the orien-
tation of the experiment relative to the galactic axion dark matter flux [20] (see
the supplementary information). We note that the time-dependent perturbation
of the antiproton spin-precession frequency in Eq. (2) has three underlying an-
gular frequencies: ω1 = ωa, ω2 = ωa + Ωsid, and ω3 = |ωa − Ωsid|, which for our
experiment orientation have approximately evenly-distributed power between
the three modes.
The experimental data to search for the dark-matter effect were acquired
using the Penning-trap system of the BASE collaboration [21] at CERN’s An-
tiproton Decelerator (AD). We have determined the antiproton magnetic mo-
ment µp by measuring the ratio of the antiproton’s Larmor frequency νL and the
cyclotron frequency νc. In a time-averaged measurement, this results directly
in a measurement of µp in units of the nuclear magneton µN :(
νL
νc
)
p
=
gp
2
= − µp
µN
, (3)
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which can be expressed in terms of the antiproton g-factor gp. The relevant part
of the apparatus for this measurement is shown in Fig. 1. We used a multi-trap
measurement scheme with two single antiprotons to determine µp 350-times
more precisely than in the best single-trap measurement [24]. Our multi-trap
measurement scheme is described in detail in Ref. [4].
The measurement of νL/νc takes place in the homogeneous precision trap,
see Fig. 1 (a). The cyclotron antiproton is used to determine the cyclotron fre-
quency νc ≈ 29.7 MHz with a relative precision of a few parts per billion (ppb)
[13] from the spectra of image-current signals such as those shown in Fig. 1
(b). For the measurement of νL, the cyclotron antiproton is moved by voltage
ramps into the park trap, and the Larmor antiproton is shuttled into the pre-
cision trap. We drive spin transitions in the precision trap using an oscillating
magnetic field with a frequency νrf ≈ 82.85 MHz. To observe these spin tran-
sitions, we need to identify the initial and the final spin state of each spin-flip
drive in the precision trap. To this end, we transport the Larmor antiproton
into the analysis trap and use the continuous Stern-Gerlach effect [25], where
a strong magnetic curvature of about 3 × 105 T/m2 couples the magnetic mo-
ment of the antiproton to its axial motion. As a consequence, spin transitions
become observable as an axial-frequency shift of ∆νz,SF = ±172(8) mHz. The
spatial separation of the analysis trap from the precision trap strongly reduces
line broadening effects from the magnetic inhomogeneity of the analysis trap in
the frequency-ratio measurement, which is the key technique to enable preci-
sion measurements of µp at the ppb level. The spin-state identification in the
analysis trap is performed in a sequence of axial frequency measurements with
interleaved resonant spin-flip drives, as shown in Fig. 1 (c). The average fidelity
of correctly identifying spin-transitions in the presence of axial frequency fluc-
tuations is ≈ 80 % [4].
To determine the antiproton g-factor, we measured the spin-flip probability
PSF,PT as a function of the frequency ratio Γ = νrf/νc in the precision trap,
which resulted in the antiproton spin-flip resonance shown in Fig. 1 (d). The
data consist of 933 spin-flip experiments recorded over 85 days from 05.09.2016
to 27.11.2016. The measurement cycle time of the resonance was not constant
mainly due to the statistical nature of the spin-state readout. The median cy-
cle frequency was about 0.38 mHz ≈ (44 min)−1. The spin-flip drive duration
was trf = 8 s with a constant drive amplitude for all data points. The drive
frequency was varied in a range of ±45 ppb (±3.7 Hz) around the expected
Larmor frequency. The time-averaged value of µp was extracted by matching
the lineshape of an incoherent Rabi resonance to the data, which resulted in
gp/2 = 2.792 847 344 1(42) with a relative uncertainty of 1.5 ppb [4].
The frequency shift in Eq. (2) causes a time-dependent detuning of the drive
and the Larmor frequency in each spin-flip experiment. In the following, we
consider slow dynamic effects on spin transitions, where ωa/(2pi)  1/trf =
125 mHz, so that the variation of the effective Larmor frequency is negligible
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during the spin-flip drive and does not affect the spin motion on the Bloch
sphere. Each spin-flip experiment at the drive time t probes the “instantaneous
value” of the Larmor frequency ωL + δω
p¯
L(t).
To conclude whether or not an axion-antiproton coupling is observed, we
perform a hypothesis test based on a test statistic q = −2 lnλ, where λ denotes
the likelihood ratio (see the supplementary information). We compare the zero-
hypothesis model H0 with δω
p¯
L(t) = 0 and extended models Hb(ω), which add
an oscillation with frequency ω to H0, with amplitude b(ω) ≥ 0 and phase φ(ω)
as free parameters. The test statistic is evaluated for a set of fixed frequencies
with a frequency spacing of 60 nHz, which is narrower than the detection band-
width of our measurement ≈ 1/(Tmeas) = 130 nHz. We consider the frequency
range 5 nHz ≤ ωi/(2pi) ≤ 10.49 mHz in this evaluation and perform a multiple
hypothesis test with N0 = 174 876 test frequencies. The test statistic as a func-
tion of the test frequency is shown in Fig. 2 for the experimental data. To define
detection thresholds, we make use of Wilk’s theorem to obtain the test-statistic
distribution for zero oscillation data, and correct for the look-elsewhere effect
(see the supplementary information for details). Based on this, we find that our
highest value qmax = 25.4 in the entire evaluated frequency range corresponds
to a local p-value of pL = 3×10−6. This results in a global p-value for our multi-
hypothesis test of pG = 0.254, which represents the probability that rejecting
H0 in favor of any of the alternative models Hb(ω) is wrong. Consequently, we
find no significant indication for a periodic interaction of the antiproton spin
at the present measurement sensitivity, and conclude that our measurement is
consistent with the zero hypothesis in the tested frequency range.
To set experimental amplitude limits, we apply the CLs method [26] and
first extract amplitude limits for single-mode oscillations bup(ω) with 95 % con-
fidence level. The results of bup(ω) are shown in Fig. 3 (a). In the frequency
range 190 nHz ≤ ω/(2pi) ≤ 10 mHz, the mean limit on bup is 5.5 ppb, which
corresponds to an energy resolution of ∼ 2 × 10−24 GeV. At lower frequen-
cies ω/(2pi) < 130 nHz, we have sampled only a fraction of an oscillation period.
Here, we consider the reduced variation of the Larmor frequency during the mea-
surement and marginalise the quoted limit bup(ω) over the starting phase (see
the supplementary information). To constrain the axion-antiproton coupling co-
efficient fa/Cp, we assume that the axion field has a mean energy density equal
to the average local dark matter energy density ρlocalDM ≈ 0.4 GeV/cm3 during the
measurement, and use Eq. (2) to relate fa/Cp to the amplitude limits. Since the
axion-antiproton coupling would produce almost equal amplitudes at the main
frequency ω1 and the sideband frequencies ω2,3, we place limits on the cou-
pling coefficient considering all three detection modes (see the supplementary
information). The evaluated limits on the coupling coefficient in the mass range
2×10−23 eV/c2 < ma < 4×10−17 eV/c2 are shown in Fig. 3 (b). The sensitivity
of our measurement is mass-independent in the range ma & 10−21 eV/c2, and
the amplitude limit is defined by the value of the test statistic at the evaluated
mass q(ma). For q(ma) ≈ 0, we obtain fa/Cp > 0.6 GeV, which represents
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the most stringent limitation we can set based on our data. In the low-mass
range ma . 10−21 eV/c2, the amplitude limit on the main frequency ω1 gets
weaker, similar to the behaviour in Fig. 3(a). The limits in this mass range are
dominated by the sideband signals ω2,3 ≈ Ωsid, which remain in the optimal
frequency range of our measurement. We also marginalise these limits over the
starting phase to account for the possibility of being near a node of the axion
field during a measurement (see the supplementary information). These effects
lead to less stringent limits for the coupling coefficient for low masses. We con-
clude that we set limits on the axion-antiproton coupling coefficient ranging
from 0.1 GeV to 0.6 GeV in the tested mass range. For comparison, the most
precise matter-based laboratory bounds on the axion-nucleon interaction in the
same mass range are at the level fa/CN ∼ 104 − 106 GeV [19, 27]. Like in the
earlier matter-based studies [19, 27], we do not marginalise our detection limits
over possible fluctuations of the axion amplitude a0. We note that preliminary
investigations in the recent work [28] suggest that, if such amplitude fluctua-
tions are taken into account for sufficiently light axions, then the inferred limits
may be weakened by up to an order of magnitude at 95% C.L..
Our laboratory bounds are compared to astrophysical bounds in Fig. 3
(b). In particular, we consider the bremsstrahlung-type axion emission pro-
cess from antiprotons p¯ + p → p¯ + p + a in supernova 1987A, which had a
maximum core temperature of Tcore ∼ 30 MeV and a proton number density of
np ∼ 5 × 1037 cm−3 [29]. For an estimate, we treat the supernova medium as
being dilute (non-degenerate). In thermal equilibrium, this gives the antipro-
ton number density of np¯ ≈ npe−2ξp/Tcore , where the proton chemical potential
ξp is given by mp − ξp ∼ 10 MeV. In the limit of a dilute medium, the ax-
ion emission rate from antiprotons scales as Γp¯p→p¯pa ∝ npnp¯ (Cp¯/fa)2, whereas
the usual axion emission rate from protons scales as Γpp→ppa ∝ n2p (Cp/fa)2
[29, 30]. Supernova bounds on the axion-proton interaction from the consider-
ation of the effect on the observed neutrino burst duration vary in the range
of fa/Cp & 108 − 109 GeV for ma . Tcore ∼ 30 MeV, depending on the spe-
cific nuclear physics calculations employed [26, 29]. Using the “middle-ground”
value and rescaling to the axion-antiproton interaction, we obtain the super-
nova bound fa/Cp¯ & 10−5 GeV for ma . 30 MeV, which is up to 5 orders of
magnitude weaker than our laboratory bound in the relevant mass range. Indi-
rect limits on the axion-antiproton interaction from other astrophysical sources
(such as active stars and white dwarves) are even weaker, since their core tem-
peratures are much lower than those reached in supernovae.
The non-minimal Standard Model Extension (SME) predicts an apparent os-
cillation of the antiproton Larmor frequency either at the frequency Ωsid or 2 Ωsid
mediated by Lorentz-violating and in some cases CPT-violating operators added
to the Standard Model [5]. With PL(Ωsid) = 0.336 and PL(2 Ωsid) = 0.328, we
conclude that the zero hypothesis cannot be rejected for these two frequen-
cies, and obtain amplitude limits of bup(Ωsid) ≤ 5.3 ppb and bup(2 Ωsid) ≤
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5.2 ppb with 95 % C.L. Using these limits and the orientation of our experi-
ment [24], we constrain six combinations of time-dependent coefficients in the
non-minimal SME [5]: |b˜∗Xp | < 9.7×10−25 GeV, |b˜∗Yp | < 9.7×10−25 GeV, |b˜∗XXF,p −
b˜∗Y YF,p | < 5.4 × 10−9 GeV−1, |b˜∗(XZ)F,p | < 3.7 × 10−9 GeV−1, |b˜∗(Y Z)F,p | < 3.7 ×
10−9 GeV−1, |b˜∗(XY )F,p | < 2.7 × 10−9 GeV−1. These coefficients are constrained
for the first time, since we had only been able to set limits on effects causing
a non-zero time-averaged difference of the proton and antiproton magnetic mo-
ments [4, 14, 24].
In conclusion, our slow-oscillation analysis of the antiproton spin-flip reso-
nance provides the first limits on axion coupling coefficients with an antipar-
ticle probe. Similar searches can be performed for other antiparticles, namely
positrons and anti-muons, from frequency-domain analyses of their (g-2) mea-
surements [31, 32].
† Present affliation: Research Center for Nuclear Physics, Osaka University, 10-1 Mi-
hogaoka, Ibaraki, Osaka 567-0047, Japan
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Figure 1: Overview of the antiproton magnetic moment measurement.
(a) The multi-Penning-trap system for the antiproton magnetic moment mea-
surement showing the cyclotron antiproton, the Larmor antiproton, and three
Penning traps [4]. The trap system consists of a stack of gold-plated copper and
CoFe electrodes shown in yellow and brown, respectively, separated by sapphire
rings, shown in green. (b) Two FFT spectra of the image-current signal of the
cyclotron antiproton for measuring the axial frequency (black curve) and the
cyclotron sidebands (red curve). The sideband signal is measured while cou-
pling the axial and cyclotron modes with a quadrupolar radiofrequency drive.
The cyclotron frequency νc in the precision trap is extracted from these two
spectra [21]. (c) A measurement sequence for the identification of the antipro-
ton spin-state in the analysis trap. A series of axial frequency measurements
is interleaved by resonant spin-flip drives. The spin state can be assigned with
high fidelity by detection of the induced axial frequency shifts [22]. (d) Larmor
resonance of the Larmor antiproton in the precision trap resulting from mea-
suring the spin-flip probability PSF,PT in the precision trap at the normalized
frequency Γ = νrf/νc. The measurement is referenced to the proton g-factor
value from 2014: gp/2 = 2.792847350(9) [23]. The error bars correspond to 1
s.d. uncertainties.
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Figure 2: Results of the signal detection. The test statistic q(ν) as a
function of the frequency ν is shown as the gray line for the experimental data.
The red dashed lines mark the detection thresholds for the global hypothesis test
corresponding to 1 (32 %), 3 (0.27 %) and 5 standard deviations σG (5.7×10−7)
rejection error for the global test. The black dotted lines show the corresponding
statistical significance σL for a single local test up to 5 σL.
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Figure 3: Exclusion limits for the axion-antiproton interaction. (a) Up-
per 95 % confidence limits on the oscillation amplitude bup(ω) of the antiproton
Larmor frequency. (b) 95 % confidence limits on the axion-antiproton interac-
tion parameter fa/Cp as a function of the axion mass. The grey area shows
the parameter space excluded by axion emission from antiprotons in SN 1987A.
The dark blue area shows the parameter space excluded from our analysis of the
antiproton spin-flip data based on the combined limit of the three expected os-
cillation modes. The black area shows the peak-to-peak difference of the upper
experimental exclusion boundary of all tests within a frequency bin.
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Supplementary Discussion
Derivation of antiproton spin-precession frequency shift
In order to derive the leading-order shift of the antiproton spin-precession frequency due to
the interaction in Eq. (1) in the main text, we have to evaluate the geometric factor σˆp¯ · pˆa,
where the hats denote unit vectors. To this end, we need to express both unit vectors in the
celestial equatorial coordinate system with the basis
{
Xˆ, Yˆ , Zˆ
}
, which is a non-rotating
coordinate system, where Zˆ coincides with Earth’s rotation axis [1].
The direction of the spin’s quantisation axis σˆp¯ is defined in the rotating laboratory
frame basis {xˆ, yˆ, zˆ}. We choose zˆ to coincide with the vertical vector pointing upwards
at the location of the experiment, xˆ pointing southwards, and yˆ pointing eastwards. The
magnetic field of the BASE apparatus is oriented horizontally and rotated counter-clockwise
by γ ≈ 120◦ from the xˆ-axis [2].
The transformation between the laboratory and celestial equatorial frames is given by:xˆyˆ
zˆ
 =
cos (χ) cos (Ωsidt) cos (χ) sin (Ωsidt) − sin (χ)− sin (Ωsidt) cos (Ωsidt) 0
sin (χ) cos (Ωsidt) sin (χ) sin (Ωsidt) cos (χ)
XˆYˆ
Zˆ
 , (4)
where χ ≈ 44◦ is the local colatitude of the experiment, and the “zero time” is set by the
requirement that the X axis of the celestial equatorial coordinate system has zero right
ascension. The direction of the quantisation axis in celestial equatorial coordinates is given
by:
σˆp¯ = cos (γ) xˆ+ sin (γ) yˆ
=
cos (γ) cos (χ) cos (Ωsidt)− sin (γ) sin (Ωsidt)cos (γ) cos (χ) sin (Ωsidt) + sin (γ) cos (Ωsidt)
− cos (γ) sin (χ)
 . (5)
To determine the direction of the axion-field momentum vector pˆa in celestial equatorial
coordinates, we note that in galactic coordinates the Solar System (as it orbits the Galactic
centre) moves towards the direction defined by 90◦ longitude and 0◦ latitude. Since galactic
dark matter is believed to have a Maxwell-Boltzmann-type distribution of velocities with a
local average velocity much smaller than the Solar System’s velocity, the direction of the
axion-field momentum vector in galactic coordinates is hence towards the direction defined
by 270◦ longitude and 0◦ latitude. Transforming from the galactic coordinate system to
the celestial equatorial coordinate system [3], we find that the direction of the axion-field
momentum vector is given by:
pˆa =
cos (δ) cos (η)cos (δ) sin (η)
sin (δ)
 , (6)
2
where δ ≈ −48◦ and η ≈ 138◦ are the declination and right ascension, respectively, of the
axion-field momentum relative to the Solar System. Using Eqs. (5) and (6), we can now
compute the geometric factor σˆp¯ · pˆa:
σˆp¯ · pˆa = A cos (Ωsidt+ α) +B , (7)
with α ≈ −25◦, A ≈ 0.63 and B ≈ −0.26, and hence obtain Eq. (2) in the main text.
Further, we can express Eq. (2) in terms of these three parameters and ω1,2,3:
δωp¯L(t)fa
Cp¯maa0 |va| ≈ B sin(ω1t) +
A
2
sin(ω2t+ α)− sign(Ωsid − ωa)A
2
sin(ω3t+ α). (8)
Consequently, the mode at ω1 carries about 70 % of the power relative to those of the side-
band modes ω2,3.
Limits on the Standard Model Extension Coefficients
We set limits on the coefficients of the non-minimal SME by expressing the Larmor frequency
shift δωpL(t) = δω
p
a(t) in terms of the non-minimal SME coefficients using the Eqs. (46) and
(64) in Ref. [4]. Considering the orientation of the magnetic field B, we obtain:
~δωpa(t) = −2b˜∗3p + 2b˜∗33F,pB =
2b˜∗Xp [− cos (γ) cos (χ) cos (Ωsidt) + sin (γ) sin (Ωsidt)] +
2b˜∗Yp [− cos (γ) cos (χ) sin (Ωsidt)− sin (γ) cos (Ωsidt)] +
2b˜
∗(XZ)
F,p B
[− cos2 (γ) sin (2χ) cos (Ωsidt) + sin (2γ) sin (χ) sin (Ωsidt)] +
2b˜
∗(Y Z)
F,p B
[− cos2 (γ) sin (2χ) sin (Ωsidt)− sin (2γ) sin (χ) cos (Ωsidt)] +
2b˜
∗(XY )
F,p B
[
(cos2 (γ) cos2 (χ)− sin2 (γ)) sin (2Ωsidt) + sin (2γ) cos (χ) cos (2Ωsidt)
]
+
(b˜
∗(XX)
F,p − b˜∗(Y Y )F,p )B
[
(cos2 (γ) cos2 (χ)− sin2 (γ)) cos (2Ωsidt)− sin (2γ) cos (χ) sin (2Ωsidt)
]
, (9)
where we have set all combinations of SME coefficients producing a constant frequency shift
to zero. We use the single-mode amplitude limit at either Ωsid or 2Ωsid to set obtain the
limits quoted in the main text on the respective coefficients.
Signal Detection
In this part, we provide details on the zero-hypothesis tests, where we search for a statistically
significant oscillation of the Larmor frequency at the three frequencies ω1 = ωa, ω2,3 =
|ωa ± Ωsid| in the experimental data. Therefore, we use the test statistic [5]:
q(ω) = −2 lnλ(ω), (10)
to investigate if our sequence of spin-flip experiments is more likely produced by a time-
dependent Larmor frequency given by:
ωL(t) = ωL(1 + b cos [ωt+ φ]). (11)
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The likelihood ratio is given by λ(ω) = ln [L0] − ln [Lb(ω)], where L0 and Lb(ω) denote
the maximum likelihood of H0 and Hb(ω), respectively. The likelihood is maximized in
the manifold of the lineshape parameters for both hypotheses H0 and Hb(ω), and two ad-
ditional parameters for Hb(ω), namely the amplitude b(ω) and phase φ(ω) introduced above.
The likelihood function for the zero-hypothesis test and the parameter exclusion are
given by:
L =
1
2k
∏
k
[1− Pk(SF)− PSF,k + 2Pk(SF)PSF,k] , (12)
where k runs over all data points. Pk(SF) is the probability that the spin-flip drive caused
a spin transition given the axial frequency shifts measured in the analysis trap preced-
ing and following spin-flip drive k. Details on evaluating Pk(SF) are given in Refs. [6, 7].
PSF,k = PSF(Γk, b(ω), φ(ω),a) is the spin-flip probability of spin-flip drive k obtained from
the lineshape function described in Ref. [6]. Here, we replace the Larmor frequency with
Eq. (11) to add the time-dependence for the analysis. Γk = νrf,k/ 〈νc,k,i〉i=1,...,6 is the fre-
quency ratio of the spin-flip drive frequency νrf,k divided by the mean of the six correspond-
ing cyclotron frequency measurements νc,k,i. a is a vector of nuisance parameters related to
the lineshape of the spin-flip resonance, namely the time-averaged antiproton g-factor, the
Rabi frequency of the spin-flip drive, and the magnitude of magnetic-field fluctuations [6].
Systematic corrections to Γk need to be considered to extract µp and are described in detail
in Ref. [6]; however, they are not relevant to constrain the time-dependent effects of interest
in this study.
Detection thresholds for a local hypothesis test at the frequency ν are defined by the
probability to find data which are less compatible than the observed value qobs for the
experimental data, which are represented by the local p-values pL(ω). To this end, it is
necessary to know the test-statistic distribution for the zero-hypothesis data. According to
Wilk’s theorem [8], we expect that it is a χ2f=2 distribution with f = 2 degrees of freedom
for zero-hypothesis data evaluated at uncorrelated frequencies |ν1− ν2|  1/Tmeas. We test
this assumption by using zero-hypothesis Monte-Carlo datasets to estimate the cumulative
density function (CDF) of the test-statistic distribution. The Monte-Carlo datasets are
generated using the exact lineshape function described in Ref. [6]. For the evaluation, we
approximate the lineshape function for computational efficiency by a Gaussian function
PSF(Γ, Cp, φ,a) = A/(
√
2piσ) exp
[−(Γ− gp/2)2/(2σ2)], where gp, A and σ represent the
antiproton g-factor, an effective amplitude and an effective linewidth, respectively. As a
result of these simulations, it has been found that this produces a systematic shift of a few
ppb in the evaluation of µp, but it preserves the information on time-dependent fluctuations
in the data and allows to perform the zero-hypothesis tests for the search of the axion-
antiproton interaction. We evaluated 187 datasets at 320 frequencies with 300 nHz spacing,
which resulted in the test-statistic histogram shown in Supplementary Figure 1, where it
is compared to the CDF of the χ2f=2 distribution. The Monte-Carlo data deviates by 4
standard deviations for q < 1, but less than 2 standard deviations for q > 3, which is the
important region for determining the P -values. The reduced χ2 of our fit is 1.8, and we
rely on the χ2f=2 distribution being a valid approximation of the test-statistic distribution.
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Consequently, we determine local p-values pL(ν) according to:
pL(ν) = 1− CDF
[
χ2f=2
]
(qobs(ν)), (13)
with CDF
[
χ2f=2
]
(q) being the CDF of the χ2f=2-distribution evaluated at q.
To conclude on the zero-hypothesis test in the entire frequency range, our analysis has
to be considered as a multiple hypothesis test. Therefore, we need to refine the detection
thresholds considering the number of evaluated tests, the so-called look-elsewhere effect [9].
To this end, we evaluate the global p-value pG:
pG = 1− (1− plocal)N , (14)
where plocal is the smallest value of pL(ω) in our test and N is the number of statistically
independent tests. In our evaluation, we choose a frequency spacing of ∆ν = 60 nHz ≈
1/(2Tmeas) in our evaluation to avoid missing signals, but consequently the test-statistic
values of two neighbouring frequencies with ∆ν < 1/Tmeas are not statistically independent.
We determine the correlation factor for the evaluation with 60 nHz spacing by using zero-
hypothesis Monte-Carlo datasets. The correlation factor as a function of the frequency
difference ∆ν is shown in Supplementary Figure 2. From this, we extract a correlation factor
η = 0.56 and obtain N = ηN0 = 97931. With our lowest local p-value of plocal = 3× 10−6,
we obtain pG = 0.254 as a result.
An alternative approach to determine pG is to evaluate the same number of test fre-
quencies on several zero-hypothesis datasets, and estimate the distribution of plocal. pG
is obtained by taking the fraction of datasets producing a smaller value of plocal than the
experiment. In our case, this procedure is computationally too expensive due to the large
number of test frequencies. Instead, we generate N χ2f=2-distributed random numbers and
determine the distribution of plocal using this approximation. This results in the global de-
tection thresholds in terms of the test statistic q as shown in Supplementary Table 1. These
limits are shown as global detection thresholds in Fig. 2 in the main text. This cross-check
procedure results in the same value for pG as quoted above.
We note that our detection analysis tests for individual single-mode oscillations and not
explicitly for the model in Eq. (2) in the main text. We verify below in Monte-Carlo simula-
tions that this approach nevertheless efficiently detects the oscillations described by Eq. (2)
in at least one of the three underlying frequencies. Therefore, based on the non-detection of
any oscillation at all, we also conclude that we can reject the alternative hypotheses based
on Eq. (2) with ωa in the tested frequency range with pG ≥ 0.254.
Exclusion limits
We reject the alternative hypothesis Hb(ν) against the zero hypothesis H0 with 95 % confi-
dence level on the amplitude b using the CLs statistic: CLs(q, b) = [1− β(q, b)] / [1− α(q)]
[10]. Here, α(q) and β(q, b) denote the CDF of the test-statistic distribution for background
signals and signals with amplitude b, respectively.
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For the single-mode detection, we note that αSM = CDF
[
χ2f=2
]
, and determine βSM(q, bSM)
by analysing Monte-Carlo datasets where we introduce the time-dependence of the Larmor
frequency using Eq. (11) for the Larmor frequency in the lineshape function. The time and
measurement structure of the Monte-Carlo datasets are identical to the experimental data,
but the magnetic-field fluctuations on top of the test-frequency ratios Γ are randomised, and
the Pk(SF) values for the spin-transition detection, see Eq. (12), are obtained by randomly
redistributing the observed Pk(SF) values of the measurement sequence to the Monte-Carlo
data points.
We determine the test-statistic distribution on a grid of 12 amplitudes bSM and 17 test
frequencies ν including Ωsid/(2pi) and 2Ωsid/(2pi) to explicitly test the frequencies rele-
vant for the limits on the non-minimal SME coefficients. Supplementary Figure 3 shows
βSM(q = 5.99, bSM), which corresponds to αSM ≈ 95 %, evaluated over the tested frequency
range with about 500 datasets per point. For frequencies ν > 1/Tmeas (corresponding to
Log10(ν/Hz) ≈ -7), the power of the test is constant at ≈ 95 % for amplitudes of 7 ppb.
Oscillations with lower amplitudes cannot be well distinguished from zero-hypothesis data,
since the magnetic-field fluctuations of σB/B0 =3.9(1) ppb observed in cyclotron frequency
measurements compete with the detection of interest. The single-mode detection efficiency
decreases rapidly for frequencies ν < 1/Tmeas, where we sample only a fraction of an oscilla-
tion. In this frequency range, the change of the Larmor frequency during the measurement
decreases for lower frequencies, so that large amplitudes cannot be excluded (further details
are discussed below). Based on βSM(q, bSM) resulting from these Monte-Carlo studies, we
determine the 95 % C.L. limits on single-mode oscillations shown in Fig. 3(a) in the main
text.
To obtain limits on the axion-antiproton coupling coefficient, we need to determine the
test-statistic distribution βi(q, ba) from Monte-Carlo simulations, where we use Eq. (2) for
the time-dependence in the data generation, the index i corresponds to the three detection
modes with the frequencies ωi, and ba = Cpmaa0|va|/(faωL) expresses the amplitude of the
axion field, a0, in units of a relative Larmor frequency shift. The distributions βi(q, ba) are
different from βSM(q, bSM), since the detection using a single-mode model needs to cope in
this case with the two other modes which effectively act like additional noise sources. Sup-
plementary Figure 4 shows the result of evaluating βi(q = 5.99, ba) for about 700 datasets
for each point on a grid of 8 amplitudes and 19 frequencies. The presence of the sideband
modes ω2,3 = |ωa ± Ωsid| perturbs the detection of the main oscillation mode ω1 = ωa,
resulting in a test power only slightly above 50 % even for large amplitudes. However, the
sideband modes are both efficiently detected with more than 90 % power for Aba/2 & 8 ppb.
The only exception is a narrow window of about 260 nHz around ωa ≈ Ωsid (not resolved
in Supplementary Figure 4), where the lower sideband ω3 cannot be well detected since its
frequency is below 130 nHz. However, in this case the power of the test for the other two
frequencies ω1 and ω2 increases since the lower sideband produces approximately a constant
shift of ωL.
For each axion mass ma, we set the most conservative limit on the axion coupling by
using the highest test-statistic value of the three test frequencies ωi(ma). The power of this
test is shown in Supplementary Figure 4(d) for q = 5.99. The test-statistic distribution
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of the background α(q) in this case is given by the distribution of the maximum of three
χ2f=2-distributed random numbers corresponding to the three different oscillation modes.
This test provides efficient constraints even for ωa < 2pi/Tmeas, where we cannot efficiently
detect ω1 or single-mode oscillations, but are sensitive to axion coupling through detection
at the sideband frequencies ω2,3 ≈ Ωsid. We have explicitly verified the detection down to
ωa/(2pi) = 5 nHz in these Monte-Carlo simulations (see also the discussion below).
The limits on the axion-induced oscillation amplitude ba(ωi) and the coupling parameter
are related by:
fa
Cp
>
C
√
2ρDM~c|va|
ωLba(ωi)
≈ 2 GeV
ba(ωi)/ppb
, (15)
where C is either A/2 or |B|, depending on whether we use the test-statistic value of ω2,3
or ω1, respectively. The 95 % C.L. amplitude limits for the combined test are shown in
Fig. 3(b). Other notations for the axion-nucleon coupling also appear in the literature. The
conversion factor to another common notation gaNN [11] is given by gaNN = CNmN/fa,
while the conversion factor to a less frequently used notation associated with the same sym-
bol gaNN [12] is given by gaNN = CN/(2fa), where CN/fa is the axion-nucleon interaction
parameter.
Low-frequency limits discussion
The amplitude limits for the single-mode detection or the main frequency detection ω1 ≈ ωa
decreases for low frequencies ωa < 2pi/Tmeas, since the measurement time is shorter than the
oscillation period. If we consider an axion field with a fixed amplitude a0, the maximum dif-
ference of the Larmor frequency shift induced during the measurement decreases if ωa −→ 0.
Depending on the starting phase, the peak-to-peak difference of the amplitude B is in the
range Ba0/2(ϕ/2)
2 < B < Ba0ϕ, where ϕ = ωaTmeas is the phase evolution during the
measurement. Consequently, if we require B > Bthres for the detection, a0 needs to increase
at least as quickly as ∝ 1/ωa relative to the high-frequency case as ωa → 0 to produce a
detectable signal. Consequently, the amplitude limits from the ω1 detection become less
stringent for ωa −→ 0. This effect is present in earlier frequency-domain studies of recent
axion experiments [13].
The sideband signals at ω2,3 produce amplitude variation on the time scale of a sidereal
day, therefore, if the data sample is sufficiently long as in our case, the argument limiting the
detection on ω1 does not apply here. However, the sideband signal may also be suppressed
if ϕ  1 and if the starting phase of the axion field, φ, has a value such that the envelope
function in Eq. (2) is sin(ωat) ≈ 0 during the measurement. In this case, the sidereal
modulation of the amplitude produces a smaller Larmor frequency shift for a fixed value of
a0. If we require that the minimum amplitude modulation for efficient detection is Bthres,
then we can detect the axion-coupling in the limit ωa −→ 0 only under the condition:
Bthres < A
2
a0| sin(φ)|, (16)
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which results from Eq. (2) (see also the supplementary material of Ref. [14]). Since the
starting phase of the axion field is unknown, we marginalise the limit over all possible
starting phases. Further, if we also average | sin(φ)| over the phase evolution during the
measurement, we obtain:
Bthres < A
2
a0
1
2pi
1
ϕ
∫ 2pi
0
dφ
∫ φ+ϕ
φ
dγ| sin(γ)|
≈ 0.636 A
2
a0,
(17)
which is independent of ωa and Tmeas. Consequently, the detection limit decreases in the
transition region φ ∼ 1, since the detection is not equally efficient for all starting phases.
The impact of this effect is shown in Supplementary Figure 4, where the power of the
sideband detection drops in the range of Aa0/2 ∼ 6 ppb from 0.95 to about 0.8 around
Log10 [ωa/(2pi)] ∼ −8. The lower detection power is considered in the limit via the CLs
method and leads to a weaker limit for the axion-antiproton coupling in the transition
region, see Fig. 3(b). We predict that the detection limit for the sidebands should become
independent of ωa in the limit ωa → 0 for the detection of sideband signals, since the
probability of the starting phase being near a node is independent of ωa. Our present
Monte-Carlo studies, however, do not extend deeply into the low-frequency regime ϕ  1,
and so our prediction for the low-frequency scaling of the sideband limits needs to be verified
in a more extensive analysis.
We also note that it is not possible to determine ωa in the low-frequency range in case of
a positive detection, since the two sideband signals are within one detection bandwidth of
≈ 130 nHz and hence cannot be distinguished. But for our method, it suffices to set limits
in the low-frequency range based on the non-detection of signals close to Ωsid.
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Supplementary Tables
Statistical significance q pG
1σG 24.9 0.32
2σG 29.1 0.046
3σG 34.8 2.7×10−3
4σG 42.3 6.3×10−5
5σG 50.9 5.7×10−7
Supplementary Table 1: Test-statistic values and global P -values for different
values of the statistical significance.
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Supplementary Figure 1: Monte-Carlo simulation of the test-statistic distribu-
tion. (a) Estimate of the P -value as a function of the test statistic q. We use zero-hypothesis
Monte-Carlo datasets to estimate the cumulative density function of the test-statistic dis-
tribution (CDF) and compare it to the CDF of the χ2f=2 distribution. The reduced χ
2 of
the residuals shown in (b) is 1.8. The error bars indicate 1 s.d. uncertainties.
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Supplementary Figure 2: Test statistic correlation coefficients. Result of evaluating
the correlation coefficients of the test-statistic values q(ν) and q(ν + ∆ν) as a function of
the frequency spacing ∆ν. The error bars indicate 1 s.d. uncertainties.
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Supplementary Figure 3: Power of the hypothesis test for single-mode detection.
The power for detecting a single-mode oscillation with amplitude bSM is shown at a test-
statistic value of q = 5.99 (α = 5 %). This represents the evidence for the alternative model
with frequency ν and amplitude bSM, if the zero hypothesis was rejected with 5 % error.
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Supplementary Figure 4: Power of the hypothesis test for the axion model. The
power for detecting the axion-antiproton coupling at a test-statistic value q = 5.99 (α = 5 %)
is shown as a function of ωa/(2pi) and the axion amplitude ba. The four plots are evaluated
using different detection criteria: (a) q(ω1), (b) q(ω2), (c) q(ω3) , and (d) for the maximum
of these three values.
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